Abstract-In this paper we use a set of Modulated Discrete Prolate Spheroidal Sequences (MDPSS) to represent a bandlimited channel in the scenario with scattering from one or more clusters which can be used in both Vehicle to Infrastructure (V2I) or Vehicle to Vehicle (V2V) communication cases. Then we evaluate performance of 2 × 1 Space-Time Transmit Diversity (STTD) system with Alamouti coding and imperfect channel estimation at the receiver. We consider examples of different scattering environments which represent vehicular communication in urban area, derive expressions for autocorrelation function of channel gains and verify it by simulation. Scattering effect on estimation quality of the system is examined in terms of Minimum Mean Square Error (MMSE) and Bit Error Rate (BER).
I. INTRODUCTION
High quality Channel State Information (CSI) is essential for reliable performance of any practical communication system. The most popular approach is estimation via training sequences (pilots) which are periodically inserted into the data stream [1] - [3] . The receiver extracts pilot sequences and, relying on the knowledge of channel statistics, performs the estimation. For simulation purposes Rayleigh fading channels with Jake's spectrum [4] and real-valued auto-covariance function are usually assumed, for example in works [1] - [3] , [5] - [6] . This is the worst case scenario, since there is no preferable Angle of Arrival (AoA). Therefore it leads to unnecessarily large amount of pilots needed for reliable estimation, which is inefficient. Moreover, practical channels usually exhibit non-symmetric spectrum and complex-valued covariance functions. This work is focused on estimation in realistic urban environment. Hence our goal is to account for a complex scenario, which describes scattering from one or more narrow clusters near the mobile, what results in presence of diffusive components in received signal coming from particular AoA, and to provide qualitative analysis of estimation in different real-life scattering scenarios. Measurements show that realistic spectrum could be represented as a sum of sub channels with a narrow and rectangular spectra [7] , [8] . Therefore, we can assume that the signal spectrum can be approximated as a group of distinct rectangles (corresponding to different clusters) and not as a classical Jake's bathtub shape. Such representation allows us to perform more practical analysis of communication link and obtain more sensible results of estimation quality.
The basis expansion channel models (BEM) recently gained attention due to simplicity of their implementation [6] . For example, some models for description of Jake's spectrum include complex-exponential BEM [9] or polynomial BEM [10] . Discrete Karhunen-Loeve BEM is optimal in Mean Square Error (MSE) sense [11] , [12] . In this expansion optimal set of basis functions depends on the spectrum shape. It was shown in [11] , [13] that for a rectangular-shaped spectrum a set of Discrete Prolate Spheroidal Sequences (DPSS) is optimal. Moreover, with the assumption that the spectrum can be approximated as an aggregate of rectangles, DPSS would provide a universal basis expansion. The channel model we use is described by 4-dimensional tensor of MDPSS representing channel response [14] . By modulation of the bandwidth of a set of DPSS we achieve different scattering scenarios with parameters defined by theoretical models or/and measurements [14] .
V2V communication is accompanied by the movement of both receive and transmit sides with low elevation antennas and scatterers which are assumed to be located on perimeters of multiple co-focal ellipses (with the receiver and the transmitter at ellipses' foci). MDPSS channel model is a Regular Shaped Geometry Based Stochastic Model (RS-GBSM) which is very flexible in definition of the geometry and location of different clusters in Moderate Spatial Scale (MSS) or Small Spatial Scale (SSS) scenarios [15] . Furthermore, this model is suitable for application in both V2I and V2V scenarios, as it gives us the control over definition of the motion of both communication sides. Thereafter we evaluate how scattering from narrow clusters affects estimation quality of the mobile.
Multiple Input Single Output (MISO) is a very common scenario in the downlink of a cellular system. Therefore in our work we focused on simple but yet elegant coding technique, Alamouti scheme [4] , which is used in some third/fourth generation wireless mobile standards. Pilot assisted channel estimation is used with Wiener filter as a pilot filter [3] . In IEEE 802.11p V2x communication standard Single Input Single Output (SISO) systems are postulated, but Multiple Input Multiple Output (MIMO) systems and their variations could be employed to improve the reliability of communications.
The remainder of our paper is organized as follows. In Section II, the MDPSS-based channel model is reviewed and simulation results for one and two clusters case are presented. The 2×1 MISO communication system with Alamouti coding and channel estimation is described in Section III. In Section IV two different cases of environment were tested and the performance of the system was evaluated via MMSE and BER. The conclusion is in Section V.
II. CHANNEL MODEL

A. Geometry and Channel Response
To simulate a single cluster environment we use a geometry shown in Fig. 1 : there are two horizontal multi-element linear antenna arrays on both receiving and transmitting sides, the space between antennas contains a single scattering cluster. Impulse response H(τ, t) is assumed to be sampled at the rate F st (τ = n/F st ) and the channel is sounded at the rate F s (t = m/F s ). The carrier frequency is f c ; N r , N t , d r , d t are the number of isotropic elements and the distance between them at receiving and transmitting antennas respectively; v r and v t are velocities at which receiver and transmitter move making angles α t and α r with corresponding broadside vectors; φ t , φ r are azimuthal angles at which a cluster center is seen from receiving and transmitting sides. For simplicity it is assumed that co-elevation angles θ t = θ r = π 2 and there is no spread at this direction. The cluster corresponds to time delay τ with delay spread Δτ , as well as Angle of Departure (AoD) and Angle of Arrival (AoA) φ t , φ r respectively with angular spreads Δφ r , Δφ t at each communication side. The Doppler shift is calculated as follows:
And the resulting Doppler spectrum widening is:
A sample of the complete MIMO channel response takes a form of four dimensional tensor [14] :
where u
n d are DPSS representing dimensions of a signal at the Receive, Transmit, Frequency and Doppler domains with "domain-dual domain" products:
respectively and D r,t ≈ 2Δφ r,t dr,t λ cos φ 0r,t + 1,
variables with unit variance. W 4 is a tensor of modulating sinusoids described as follows: where is element-wise (Hadamard) product of two tensors and T max is the duration of the simulation. In simulation of environment with N c clusters the total channel response is a superposition of independently generated normalized singlecluster responses H 4 (k):
Where P k is the relative power of k-th cluster and P is a total power. The auto-covariance function R tot (τ ) in this case is a sum of N c autocorrelation functions of individual one-cluster problems (due to linearity of Fourier Transform operation):
B. Simulation Examples In this section we present some results from simulation of a flat fading channel with two clusters. An example of parameters summary of a single cluster, described in Fig. 1 , is given in Table I , and parameters of two clusters case, which is depicted in Fig. 2 
As we may see, there is a very good agreement of theory and simulation curves.
III. TRANSMISSION SYSTEM
We simulate 2 × 1 MISO system with Binary Phase Shift Keying (BPSK) modulation and Alamouti coding scheme. Two transmitting antennas are assumed to be far enough from each other (the distance should be at least 10 times greater than the carrier wavelength), so that each resolvable pass fades independently. In Alamouti encoder [4] data stream is separated into 2 symbols blocks and sent from 2 antennas with rate of two bits per two symbol times. During first symbol period two bits are sent to antenna 1 and 2, i.e. 
where h j [m] is a flat-fading Rayleigh channel gain between the transmitting antenna j (j = 1, 2) and the receiver, and ξ[m] is the sampled additive white Gaussian noise, ξ[m] ∼ CN (0, N 0 ). It is assumed that the channels remain constant over two symbol slots (the quasi-static channel assumption is valid when data rates are relatively high):
is projected onto orthogonal columns of the channel matrix:
T to derive sufficient statistics for each bit:
where h = [h 1 h 2 ] T and ξ 1 , ξ 2 are independent. Then Maximum Likelihood (ML) detection is performed bitwise. The exact Bit Error Probability (BEP) for BPSK was derived in [3] as a limiting case of no CSI at the receiver:
γ s is the average data SNR or E b /N 0 , when √ E b is the amplitude of the signal.
As the perfect CSI is not available in real-life communication, estimation of channel gains at the receiver is always required. We use pilot-assisted scheme with Wiener filter at the receiver [1] , [3] , [16] . The information codewords (or blocks of two symbol times length each) are divided into frames and interleaved with pilot symbols. Each frame contains N b + 1 blocks: N b blocks of information symbols and one block of pilot which is added at the beginning of the frame. The receiver possesses the information about channel statistics, bit rate and the frame length, and hence, it is able to extract pilot signals from the data stream and store them in the buffer of length 2M + 1. Then, based on this pilots the receiver performs channel estimation, decoding and decision. An example of a division into frames and pilot interleaving is visualized in Fig.  5 . In addition to the baseband representation (8), we express the pilot signal r p (which has energy 1, i.e. 1/2 per antenna) and the buffer r p for each antenna as follows [3] :
Due to channel variations in time, the filter coefficients should be recalculated every symbol slot within the frame, therefore they take the following form [3] : 
k, l = 1, . . . , 2M + 1; e = 0, . . . , 2N b + 1 I 2M +1 is identity matrix of size (2M + 1),γ p denotes the average pilot SNR or pilot E p /N 0 , R(·) is channel autocorrelation function and ρ e is the (M + 1) th column of D e . Thus, the matrix D 0 is a correlation matrix between pilot signals given in the buffer, and ρ e is a vector of correlations between the frame element at place e and the nearest pilot signals. In a case of a static channel D e = D 0 and ρ e = ρ 0 for any e. Estimated channel gains for antenna 1 and 2 are given by:
Index m runs on frames slots with interval 2(N b + 1)T s . It is worth mentioning, that since we deal with Gaussian distributed channel gains, Wiener filter is an optimal estimation filter. BER of this scheme has been derived in [3] and is a function of SNR and correlation between the pilots at e = 0 as the bestcase scenario:
Here Υ = 4 1 +γ
and
In case of perfect CSI, R(τ ) = 1 and (15) reduces to (10) . Theoretical MMSE is given by:
IV. SIMULATION RESULTS OF SYSTEM PERFORMANCE IN DIFFERENT SCENARIOS
In this section we present some numerical results which evaluate the behaviour of the transmission system, discussed in the previous section, in terms of estimation MMSE and BER, and analyze the influence of realistic scattering on the estimation quality. Thus, for example, Fig. 6 shows estimation error for different number of pilots M in one-cluster environment. The simulation was performed for the rate of 50 Kbps, Table I . As we would expect, the greater number of pilots reduces estimation error for any SNR. It happens because larger number of pilots provides more information to the receiver about correlation of channel gains, therefore better estimation is achieved. There is a good convergence between theory and simulation. Assuming that the exact geometry description of clusters and obstacles is available through different accessible applications like Google Maps c for 3D street view or through different global navigation and positioning satellite systems like GPS, GLONASS or QZSS, it is possible to model the geometry of any site of interest. V2I example is shown in Fig.  7 . At this scenario we assume that a mobile, for example a car, is moving along the road and passing under a big road sign. The base station is assumed to be far away. In this case the angular spread Δφ r changes as a function of time (or distance to the cluster) and as we may see from the figure Δφ r increases as the car approaches the cluster. The expression for the varying angular spread is then:
Here Δφ r0 = 5 0 , φ r ≈ 0 0 . The width of the road sign a = 5m and all the other parameters are as in Table I . Fig. 8 shows behaviour of absolute value of autocorrelation function of channel gains as a function of Doppler time and a distance to the cluster. Negative distance implies that the mobile is located on the left side of the cluster (according to Fig. 7 ) and positive distance implies that it is located to the right. Cluster is located at d = 0 m. It can be seen, that as the mobile gets closer to the cluster, autocorrelation function decays faster. As a consequence, the pilot signals become less correlated, which results into higher estimation error. The behaviour of channel gains estimation MMSE as a function of distance to the cluster at SNR = 10 dB and and frame length at SN R = 10dB, 50Kbps rate and 3 pilot-based estimation, V2I scenario 50 Kbps rate with M = 1 and e = 0 for the estimation is shown in Fig. 9 and the resulting BER is given in Fig. 10 . If we compare BER curves to Perfect CSI case (or error-free estimation) we may see that the initial increase of 4 dB in BER presents because of the estimation based on 3 pilots only. It can be improved with use of more pilots (up to 10). Further increase in BER is introduced as the car is nearing the cluster. As we may observe the effect of cluster's presence is more pronounced at longer frames. If the frame is built of more that 100 blocks, MMSE increases dramatically when the vehicle approaches the cluster. For example, for 200 blocks length frames the increase in MMSE is more than 10 times with resultant increase in BER by 4.7 dB (see Fig. 10 ) when the car is under the road sign. Therefore this kind of clusters produce significant shadowing effect on communication session. On the other hand this apparent decrease of communication quality is fleeting and does not last more than a couple of seconds. The example of V2V scenario is shown in Fig. 11 . Now the receiver and the transmitter are moving at the same direction and are passing two identical clusters, which are located on the side of the road. For simplicity we assume that both clusters are located on the same perpendicular to the mobile movement vector with equal distance between each other and the road, h = 10m. mobiles movement vectors and the center of the second cluster is calculated from: φ r20,t20 = tan −1 (2 tan(φ r10,t10 )) and equals approximately 10 0 and 14 0 . Each one of angels φ r1 (t), φ r2 (t), φ t1 (t), φ t2 (t) changes in accordance with distance change (as a function of time) between clusters and the car:
The snapshot of auto-covariance function in the case when both vehicles' speeds equal 30km/h is shown in Fig. 12 .
Resulting estimation MMSE and BER are shown in Figs. 13 -14. Fig. 13 shows estimation error as a function of frame length N b and the distance from the cluster with respect to the receiver. As we can see, longer frames increase MMSE due to decreasing correlation between pilots. On the graph we can distinguish two notches at d = −40m and d = 0m, where the system experiences quick decrease in estimation MMSE, corresponding to the vehicles' location strictly perpendicular to clusters. This behaviour has a simple explanation: when one of the mobiles is located at the minimal distance from clusters, to Rx and a frame length N b at the rate SN R = 10db and 3 pilotbased estimation, V2V scenario both clusters have equivalent angular parameters, what in terms of autocorrelation function equals to summation of two equally modulated sink functions, therefore when absolute value is taken it behaves like a one-cluster case: a slow decay in correlation as an absolute value of a pure sink function. Or effectively the mobile "sees" one cluster with unity power. The greatest estimation error is induced when vehicles are located from the different sides of the cluster (−40m ≤ d ≤ 0m on the graph). From the graph of BER we see that, as in V2V case, there is an initial recession of 4 dB in BER because of estimation based on 3 pilot signals, and further increase of 3.8 dB is introduced because of the clusters presence. In this scenario the effect of clusters is not fleeting as in previous case (V2I scenario) and starts affecting the communication quality when the mobile is located as far as 80m from the cluster.
V. CONCLUSION
In this paper MDPSS based channel model was adopted for representing a practical environment containing one or more clusters whose geometry is known and predefined. It mimics realistic channels with non-symmetric spectra and complex-valued covariance function, what allowed us to obtain more reasonable results. STTD communication system with Alamouti coding and pilot-based channel estimation was described in detail and applied to two different real-life scenarios: one of them depicts V2I communication with a mobile moving under a big cluster located on the way of the mobile, like a road sign. The other one sketched V2V case with two similar clusters located on one side of the road and two communicating mobiles passing by. The analysis of estimation quality were performed for each scenario. In both cases increase in estimation MMSE was detected in vicinity of clusters resulting in degradation of system performance in terms of BER. The effect of performance downgrading is larger in cases of longer frames between pilot signals, as a straightforward result from quickly decaying autocorrelation function of channel gains in occurrence of clusters in the environment. In the first scenario increase in MMSE and BER was higher than in the second scenario, although with shorter duration. It is worth mentioning that due to flexibility of the MDPSS simulator the description of a vast variety of different scenarios is available, allowing one to easily test any kind of environment with different positioning of clusters in both V2V and V2I cases.
